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ABSTRACT
Changes in lipid in skin exposed to DV radiation indicate that damage to cellular or
organelle membranes may occur. Lysosomes are more susceptible to such damage than are
mitochondria or plasma membranes irradiated in vitro, and decreased acid phosphatase
activity in mouse skin after irradiation in vivo, suggests that lysosome rupture may occur.
In our study, human skin exposed to 10 times the minimal erythema dose was biopsied
at varying times from one to 24 hours after irradiation. Sections were examined for lyso-
somal stability by a technique of differential incubation based on a standard method for the
histochemical demonstration of acid phosphatase activity. Changes in activity, an early
appareot increase followed by decrease and disorganization of staining while little change
in succinate dchydrogcnase occurred, are consistent with specific damage to the lysosomc
membrane with increased permeability leading to complete or partial rupture. Release of
the contained hydrolytic enzymes in this manner may explain a part of the pathology of
sunburn.
Many biochemical and histochemical changes
have been reported in skin following exposure
to ultraviolet (DV) radiation. Problems arise
in establishing the primary reactions among
these varied responses and in relating these to
the sunburn reactions. The gross features of
sunburn include erythema, edema, blistering in
severe oases, changes in barrier function,
desquamation and increased melanization.
Possible targets for the primary photo-
chemical events in irradiated skin are quite
numerous and varied in chemical composition.
Epidermal protein is apparently unaffected
with even high doses (1) although changes in
dermal protein, particularly in collagen, may
result from a direct photoehemical reaction
(2, 3). Reported changes in disulfide and
sulfhydryl groups (4) cannot be directly as-
sociated with damage to the skin but may be
associated with repair mechanisms. At the
moment, urocanic acid photochemistry in the
skin is best explained in terms of protection
(5) and there is little convincing evidence for
involvement of biological amines or their
precursors in a damaging role.
The nuclei of epidermal cells in skin exposed
24 hours previously stain faintly with the
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Feulgen stain (6) and some change in deoxy-
ribonucleic acid might be inferred. The reac-
tion is delayed however and may well be a
secondary biochemical effect. An early decrease
in ribonueleic acid has been reported (7) but
this also may be secondary. No change in
nucleic acid content but decreased phospholipid
with concomitant increase in acid soluble phos-
phate was found in biochemical analysis of
mouse skin exposed, in vitro, to massive doses
of DV radiation at 4O C (5).
Phospholipid is also decreased in mouse skin
exposed, in vivo, to more conservative doses
(9). Lipid peroxide is formed in DV irradiated
skin (10) and these lipid changes should be
considered with reference to the cellular and
organelle membranes most likely to be affected
by exposure to DV radiation.
Increased permeability of the plasma
membrane precedes DV radiation hemolysis
(11) and epidermal cell membranes may be
targets for damage in the skin. However, DV
radiation hemolysis is characterized as typical
colloid osmotic hemolysis following damage to
the protein of the membrane. In more complex
cells, the dose requirement for direct damage
to the plasma membrane is high; photoehemi-
cal reactions in other cell constituents produce
lethal effects at lower dose levels (12).
The oxidative respiratory function of mito-
chondria is impaired by exposure to DV radia-
tion in vitro (13) and in vivo (9) but the
change in vivo is hardly significant with mod-
erate doses.
Lysosomes, classically defined as single mem-
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brane bound, subcellular organelles contain-
ing acid hydrolases, are disrupted by UV
radiation in vitro (14). Comparative studies
show the lysosome membrane to be more sus-
ceptible to UV radiation damage than mito-
chondria or the plasma membrane (15). A re-
lation between this action of UV radiation,
peroxidation and free radical formation has
been proposed (16), and free radical forma-
tion has been detected in UV irradiated skin
(17). There is indirect evidence for a role of
lysosomal enzymes in damage to rat epi-
dermis irradiated in organ culture (18) and
acid phosphatase activity in mouse skin, ir-
radiated in vivo, is decreased, a result consist-
ent with enzyme release rather than inactiva-
tion since lactic acid dehydrogenase activity is
unaffected (19).
In 1963 Daniels suggested that the abnormal
morphology of the dyskeratotic cells, typically
present in the spinous layer of skin 12 to 48
hours after exposure to an erythema producing
dose of TJV radiation, could be explained by
the action of hydrolytic enzymes released from
lysosomes (20) The presence of these or-
garielles in keratinocytes has been reported in
histochemical (21, 22), biochemical (23, 24)
and electron microscope (25, 26) studies.
Their involvement in the pathogenesis of
eczema (27), light eruptions (22) and contact
dermatitis (28) has been indicated.
Using acid phosphatase as a histochemical
marker, we have investigated the effect of UV
radiation on lysosomes in human epidermis to
establish whether disruption of these organelles
by UV radiation in vivo might play a role in
the sunburn reactions.
MATERIALS AND METHODS
Two sources of UV radiation were used: a high
pressure quartz mercury arc (Hanovia 8800) with
line emission in the UV from 185 through 366 nm
constituting 28% of total emission (3 subjects),
and a battery of 4 "sunlamp" fluorescent tubes
(Westinghouse, FS-20) with principal emission be-
tween 290 and 320 nm, the damaging wavelength
region of natural sunlight (5 subjects).
Previously unexposed skin of 8 young men was
tested for minimal erythema dose (MED). Small
areas were then exposed to 10 MEDs 24, 8, 6, 4
and one hours before biopsies of the irradiated
sites and an unexposed area were taken. The speci-
mens were frozen immediately on solid CO, and
sectioned in an International cryostat, model CTD.
Fresh frozen sections were assayed for acid
phosphatase activity by a technique of differential
incubation based on a standard azo-coupling
method (29). The incubation medium for this
method is 0.1 molar acetate buffer at pH 5.0 con-
taining sodium alpha naphthyl phosphate as sub-
strate, the stable diazotate of o-amino azotoluene
(Fast Garnet GBC salt, I.C.I. Ltd.) as coupling
dye, and polyvinyl pyrrolidone as an osmotic sta-
bilizer. Sections from each specimen were incu-
bated at 37° C for 15, 30, 45 and 60 minutes,
washed in running water and mounted in glycerine
jelly. To avoid differences in staining due to varia-
tion in medium, all sections from a single subject
were incubated at the same time. Thus, with care-
ful control of section thickness, changes in staining
should reflect only changes in acid phosphatase
activity induced by the irradiation.
Sections from normal skin were preincubated
for 15 minutes in 025% Triton X-100 before acid
phosphatase assay to show the effect of a known
lysosome labilizer in vitro.
For comparison of UV radiation effects on
enzymes associated with the more complex mem-
brane system of mitochondria, fresh frozen sec-
tions from each specimen were assayed for sue-
cinate dehydrogenase (30), using Nitro-BT and
sodium succinate in phosphate buffer at pH 7.6.
RESULTS
No significant difference was observed for
the two radiation sources used, and no dif-
ferentiation between them will be made in this
discussion.
Except for some condensation of reaction
product in patently damaged cells in 24 hour
specimens, no change in succinate dehydrogen-
ase activity was observed, confirming results
previously obtained (31).
With the azo-coupling method for acid
phosphatase, the amount, distribution and rate
of formation of color product depend not only
on the kinetics of the enzyme reaction but
also on the diffusion of dye-substrate complex
into lysosomes and of enzyme out into the
cytoplasm. When sections are incubated at
acid pH and 370 C, acid phosphatase leaks
from lysosomes even in the presence of osmotic
stabilizers. Long periods of incubation result
in a predominantly diffuse staining, while
shorter periods show discrete, granular staining
indicative of enzyme activity limited to the
lysosomes. The differential incubation tech-
nique standardizes the distribution and inten-
sity of staining for each normal epidermis, and
evaluates changes in lysosome membrane integ-
rity in treated skin by differences from nor-
mal. Bitensky, with the Gomori method, used
differential incubation for studies of liver and
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FIG. 1. Acid phosphatsse activity in normal epidermis with differential incubation. A:
15 minutes. B: 30 minutes. C: 45 minutes. D: 60 minutes. The series shows a gradient of in-
creasing lysosome fragility from the basal layer outwards. Details in text.
kidney (32), and Diengdoh used a similar
technique to demonstrate the presence of lyso—
somes in rodent skin (33).
Acid phosphatase activity in normal epi-
dermis at different times of incubation is shown
in Figure 1. Diffuse activity, increasing in
intensity with time, is evident in and above
tbe granular layer. Little or no discrete stain-
ing can be seen in this region; that present in
the granular layer being obscured by diffuse
staining after 15 minutes incubation.
In the malpighian layer, the discrete staining
is more evident at 15 minutes. At 30 minutes,
this staining presents an organized, perinuelear
distribution consistent with lysosome distribu-
tion in other tissues. Diffuse staining in the
lower third of the epidermis at this time re-
sults from leakage of enzyme during incuba-
tion, while that in the upper spinous layer re-
flects some free cytoplasmic enzyme also. With
45 minute incubation, diffuse staining through-
out is stronger; and with one hour, diffuse
staining almost completely obscures the dis-
crete, granular product. The results for normal
skin appear to be consistent with the presence
of lysosomes throughout the viable epidermis
but with a varying fragility. As the cells dif-
ferentiate lysosomal membranes become more
fragile and in the granular and horny layers
there is little or no evidence for the latency of
staining associated with lysosomes. The pres-
ent demonstration of increasing lysosome fragil-
ity with keratinization in normal epidermis,
whether this represents a breakdown of pri-
mary lysosomes or a change from primary to
secondary, more fragile lysosomes associated
with autophagy, strongly supports suggestions
in the literature that the autolytic activity of
lysosomal enzymes plays a part in the disrup-
tion of normal cellular contents in the upper
epidermis (26, 34).
Sections of normal skin prcincubatcd in
Triton X-100 for 15 minutes show loss of the
organized discrete staining after 30 minutes
incubation as shown in Figure 2. No staining
is seen in the basal and suprabasal layers, and
only diffuse staining is present in the upper
spinous and granular layers. This result again
indicates that acid phosphatase in the epider-
mis is probably membrane bound to a varying
extent, completely in the basal and suprabasal
layers and only partially in the upper spinous
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FIG. 2. Acid phosphatase activity in normal epidermis after incubation in Triton X-lO0.
No lysosomal staining is evident but normal diffuse staining in upper layers retained.
FIG. 3. Acid phosphatase activity in normal epidermis after 30 minutes incubation. Pen-
nuclear, discrete granules are typical of lysosomes.
FIG. 4. Acid phosphatase activity in irradiated epidermis one hour after exposure, 30
minutes incubation. Granular and diffuse staining appears more intense.
Fm. 5. Acid phosphatase activity in irradiated epidermis 4 hours after exposure, 30 min-
utes incubation. Granular staining almost completely disorganized.
and granular layers. This might again be in-
terpreted as representing a gradual breakdown
of lysosomes as the cells move outwards from
the basal layer in the process of keratinization.
Although individual variation was observed
in the results obtained for irradiated skin, the
same overall picture was presented. This pic-
ture is best shown with reference to the sec-
tions incubated for 30 minutes and is presented
in table form (Table I.) For comparison, nor-
mal skin incubated for 30 minutes is shown in
Figure 3.
One hour after exposure (Fig. 4) both
granular and diffuse staining in the spinous
layer are increased. This increase can be ob-
served at each incubation time except one
hour, at which time no difference from normal
skin can be detected. It is consistent with an
increase in the permeability of lysosome mem-
branes affording more rapid reaction between
enzyme and substrate but no decrease in total
enzyme. At 4 hours (Fig. 5) the intensity of
diffuse staining appears increased at the ex-
pense of granular product which now presents
a less organized picture than in normal skin.
There is, however, no change in total intensity
of staining and the result is consistent with a
partial disruption of the lysosomes and still no
gross loss of enzyme.
Six to eight hour specimens (Figs. 6 and 7)
show similar features; some reduction in total
staining at. all times of incubation, some dis-
crete staining in the intercellular spaces, and
isolated nuclear staining. The decrease in stain-
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TABLE I
Changes in acid phosphatase activity of epidermis from 8 subjects after exposure to UV radiation
R.F. CII. P.S. T.H. RI. R.R. J.M.
Normal
Intensity
discrete
diffuse
Organization
1 hour
Intensity
discrete
diffuse
Organization
4 hours
Intensity
discrete
diffuse
Organization
6 hours
Intensity
discrete
diffuse
Organization
8 hours
Similar to 6 hours
24 hours
Intensity
discrete
diffuse
Organization
S.H.
+++ +++ ++ +++ +++ ++ +++ ++
++ ++ ++ +++ +++ -I- ++ ++
good good good good good good good good
++++ ++++ +++ ++++ ++++ +++ ++++ +++
+++ +++ +++ ++++ +++ +++ ++++ +++
good fair good good edema good poor good
+++ ++ + +++ ++ ++ + +++
++ ++ +++ +++ +++ +++ ++ +++
bad bad bad fair bad bad bad bad
++ + ++ +++ ++ + ++ +++
++ ++ + ++ ++ + + +
In all subjects, either bad or with definite intercellular and nuclear staining in
places.
++ ++ ++ +++ +++ +++ ++ +++
++ ++ ++ ++ ++ + + ++
In all subjects, differences at different levels of epidermis. Some cells in spinous
layer entirely faint diffuse activity. Higher levels disorganized but lower
levels nearly normal.
Intensity is graded as + light staining to ++++ very intense staining. Organization is good shen
perinuclear granular staining is clearly evident and bad when this distribution cannot be observed.
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ing may logically represent either leakage of
enzyme from the cells, or binding to natural
substrate. In either ease, less enzyme would be
demonstrated.
The organized, discrete staining is well pre-
served in the lower layers of the epidermis, as
demonstrated in the 24 hour specimens shown
in Figure 8. Some recovery of this feature can
also be detected in the spinous layer except for
certain isolated cells which show only a light
diffuse staining of the whole cell and discrete
staining at the margins between them and
neighbouring cells.
DISCUSSION
Em. 6. Acid phosphatase activity in irradiated
epidermis 6 and S hours after exposure, 20 min-
utes incubation. Decrease in total staining and ab-
normal intercellular and nuclear staining present.
Dc Duve and Wattiaux state "Lysosomes
stand out in a unique fashion .
. by their
polymorphism and by the variety of processes
in which they are implicated" (35). We would
like to retain as simple a concept of the lyso-
some as possible in this discussion, and unless
otherwise stated, regard the organelles as col-
lections of potently destructive enzymes re-
stricted from the cellular and extra cellular
environment by simple proteo-lipid membranes.
The chemical target for TJV radiation damage
Fm. 7. Extreme example of 6—8 hour specimens (Subject RE.)
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Fro. 8. Acid phosphatase activity in irradiated epidermis 24 hours after exposure, 30 min-
utes incubation. Some decrease in total staining, but recovery in lower layers evident. Con-
densed diffuse staining in shrunken cells of spinous layer and discrete staining at junction
with neighbouring cells.
to a biological membrane may well be the
aromatic amino acids of the protein moiety, lipid
being damaged by a process of charge transfer.
However, lipid peroxides with toxic properties
can be extracted from unsaturated fatty acids
exposed to DV radiation (36) and these acids
play an essential role in composition of struc-
tural phospholipid (37). Studies with x-ray
damage have indicated that lipid peroxide
formed in only a minute portion of a membrane
may exert a damaging effect throughout the
whole structure by a process of auto-oxidation
(38). The quantum efficiency for membrane
damage by DV radiation may, therefore, be
high even though that for direct lipid peroxida-
tion is low. Such a mechanism appears es-
sential for damage caused by wavelengths of
DV radiation such as 290—320 nm which are
not absorbed specifically to any extent. A
gradual proliferation of damage in this way
may explain the gradual appearance of changes
in lysosome membrane permeability with a
possible peak leading to disruption at 6—8 hours.
Alternatively, the early changes, one hour and
four hours, may represent changes expected if
the irradiation induced the formation of sec-
ondary lysosomes, with more fragile mem-
branes, in epidermis as occurs in cells in
culture (39). As protein synthesis is rapidly in-
hibited in irradiated epidermis above the basal
layer (40), it would appear unlikely that this
induction would be other than a passive proc-
ess.
Nucleic acids and proteins show specific ab-
sorption of damaging DV wavelengths and for
this reason are classically considered as target
compounds for UV radiation damage to bio-
logical systems. Although they have not as yet
been directly demonstrated, photochemical
changes in nucleic acids and proteins in the
epidermis exposed to the wavelengths of DV
radiation used here no doubt occur and
contribute to the damaging effects of this radia-
tion. Damage to lysosome membranes can ac-
count for only a part of the total damage.
We would like to refer particularly to the ap-
parently dyskeratotic cells which we have re-
ferred to as "sunburn cells". The morphology of
these cells in formalin fixed, paraffin sections,
for example as in Figure 9, suggests that
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Fio. 9. Formalin fixed, paraffin section of skin 24 hours after exposure to 10 MEDs.
Stained with Giemsa stain to show "sunburn cells".
degeneration occurs in definable stages (41).
First, breakdown of intercellular adhesion oc-
curs, followed or accompanied by nuclear
pyknosis. Acid phosphatase activity in inter-
cellular spaces and over nuclei, as seen 6—8
hours after irradiation, may well indicate
primary hydrolytic changes at these sites
brought about by lysosomal enzymes generally.
Such enzyme activity might be expected to
produce the changes seen in the paraffin see-
tions. Following the condensation of the cyto-
plasm in upon the pyknotic nucleus, degenera-
tion of the undifferentiated cell contents occurs,
the autolysis characteristic of the granular
layer.
A recurrent question is, "Why are some cells
so severely damaged when adjacent cells re-
ceiving identical TJV radiation are apparently
intact ?" When enzymes are released from lyso-
somes, autolysis of the cell does not invariably
follow. These enzymes are generally character-
ized as acting at acid pH. Their release in the
neutral environment of the basal cells may well
bave little effect. However, in the more acid
environment of the spinous and granular
layers (42) autolysis may well occur when
lysosomes rupture. "Sunburn cells" are re-
stricted to the spinous layer and the pH effect
may explain this. If it is accepted that ly-
sosomes play a part in keratinization by con-
trolled autolysis, in some cells at any level of
the spinous layer the membranes of the lyso-
somes may be further along in the process of
natural breakdown and, therefore, more fragile.
Also, damage to the lysosome membrane is re-
versible (43); some early changes may not
necessarily result in complete rupture of the
organelle and release of the total enzyme con-
tent. Perhaps the changes could best be de-
scribed in terms of both lysosome rupture and
induction of secondary lysosomes. In cells in
which the former occurs, autolysis follows
while those with the latter change remain ap-
proximately normal.
The relationship between these findings and
the pathologic effects of UY radiation in skin
exposed to sunlight are perhaps tenuous, but
they warrant discussion. Tntraepidermal blister-
ing may be explained on the basis of lysosome
rupture and the subsequent effects of hy-
drolytic enzyme action. Erythema may result
from the diffusion of cellular breakdown
t it
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products into the dermis or may be caused by
vasodilator substances, similar to those iso-
lated from leukoeyte lysosomes (44) released
in the epidermis by lysosome rupture and dif-
fusing to the dermis. If epidermal lysosomes
contain such vasodilator substances, they may
also contain the pyrogens (45) isolated from
leukoeyte lysosomes. Fever which accompanies
severe sunburn may be due to the diffusion of
these substances into the dermis after massive
damage to the epidermis.
The decrease in ribonueleie acid observed in
the cells of the spinous layer after exposure
to DV radiation may be due to the effect of
lysosomal ribonuelease rather than a direct
photoehemieal effect. Similarly, the histoehemi-
eally demonstrated changes in deoxyribonucleic
acid may be caused by lysosomal enzymes.
Decrease in nucleic acid and protein synthesis
(40, 46) after exposure to DV radiation are
not so easily laid at the door of such a mecha-
nism, and a direct effect of DV radiation is here
probable. Epidermal hyperplasia following ir-
radiation seems to be associated directly with
damage to cells in the upper spinous layer
(31). A breakdown in the homeostasis is postu-
lated either in the form of "wound hormone"
release or of breakdown in mitotic inhibition.
In either ease, the "sunburn cell" may be in-
criminated, and no photoehemieal reaction in-
volving the ehalone-epinephrine complex of
Bullough (47) need necessarily occur.
There is evidence for a primary photo-
chemical reaction in the structural lipid of
biomembranes. We have shown that changes
in acid phosphatase activity in epidermis of
skin exposed to DV radiation are consistent
with the rupture of lysosomes in keratinoeytes.
The release of hydrolytic enzymes and other
lysosome contents in this manner may account
for a part of the complex reaction known as
sunburn.
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